The ceramic composites consisting of titanium nitride and aluminium nitride were prepared by mechanical alloying (MA) of AlN, Ti and ammonium carbonate. Comparing with conventional way, which used AlN and TiN powders as the initial materials, in this study, nearly full densification can be achieved by hot pressing or by spark plasma sintering at much lower temperatures. XRD analysis indicated that besides AlN and TiN, Al 2 O 3 is also present after sintering. SEM observations showed that the average grain size of the sintered compacts is lower than 0.5 mm. The sample which had been subjected to MA using steel grinding medium for 52 h exhibited Vickers hardness of 18.9 GPa, which is comparable to the value that reported by other researchers.
Introduction
Titanium nitride(TiN) is extensively used as a coating material of cutting tools because of its high hardness, high fracture toughness and low friction coefficient. 1, 2) Meanwhile, AlN attracts much attention in microelectronics and refractory industry for a unique combination of properties, such as high thermal conductivity (110$260 W m À1 K À1 for sintered polycrystalline, 320 W m À1 K À1 for single crystals), 3) good electrical resistance, corrosion resistance, and high melting point (3073 AE 50 K). [3] [4] [5] In recent years, TiN-AlN composites have been exciting more and more interests for several reasons. The notable difference between their thermal expansion coefficients (9 Â 10 À6 K À1 for TiN, 4$6 Â 10
À6
K À1 for AlN) may introduce thermal strain into the composites during cooling. 6) The electrical resistivity of the composites can be designed by controlling TiN/AlN ratio and the microstructure so that the composite components can be cut into complex shapes by electrical discharge machining. 7) Moreover, thermal conductivity of the composites is expected to increase due to the presence of AlN, which will be favorable to wear resistant applications. However, owing to the covalent nature of both TiN and AlN accompanied with their low diffusion rates, full densification of the composites is difficult to be achieved at industrially acceptable temperatures. 2, [8] [9] [10] One approach to improve the sinterability is to use a nanosized composite powder.
11) It has been reported that Ti can be nitrided through mechanical alloying by N 2 , NH 3 or ammonium carbonate and nano grain sized TiN can be obtained. [12] [13] [14] (Since ammonium carbonate readily decomposes to NH 3 , CO 2 and H 2 O, it is expected that TiN can be formed by the reaction of Ti with NH 3 during high-energy ball milling process.) Compared with direct mixing of TiN and AlN powders, to prepare TiN in situ is expected to have the following two advantages: a) nanosized powders with rough and reactive surfaces can be obtained; b) different phases can be distributed uniformly through MA process.
In this study, TiN-AlN composite powders were synthesized through mechanical alloying (MA) using AlN, Ti and ammonium carbonate as starting materials and then sintering was carried out by Hot Pressing (HP) or Spark Plasma Sintering (SPS).
Experimental
Commercial powders of AlN (Type F. Tokuyama Ltd.), Ti (Toho Titanium Co., Ltd.) and ammonium carbonate (Wako Pure Chemical Industries Ltd.) were mixed by a mole ratio of 2:2:1 in order to get a final composition of AlN:TiN = 1:1. The powder mixtures were mechanically alloyed using a planetary ball mill (Fritsch Pulverisette 6) in vacuum or N 2 for 16 h, 32 h, 52 h or 72 h at a ball-to-powder mass ratio of 50:1. The revolution speed was set at 200 rpm and the rotation speed was about 2.2 times of the revolution speed. The direction of rotation was opposite in that of the revolution. Two kinds of grinding media were employed: one is a combination of stainless steel (SUS304) pot and Cr steel (SUJ2) balls and the other is ZrO 2 pot and balls. After that, the as-milled powders were heated to 453 K and held for 2 h in Ar atmosphere to remove the unreacted ammonium carbonate. Subsequently heat treatment at 1173 K in vacuum was carried out in order to convert the residual Ti into TiN. At last, such treated composite powders were either subjected to HP at 1473 K under 40 MPa in N 2 atmosphere for 1 h or SPS at 1523 K under 50 MPa in vacuum for 5 min.
The phase analyses of the powder mixtures and the sintered compacts were carried out by XRD (Rigaku, RINT2000, CuK radiation, ¼ 0:154056 nm). The microstructures were observed by SEM (Hitachi, S2380), FESEM (JEOL, JSM6500F) and TEM (Philips, CM200FEG). The composition analysis was carried out by SEM-EDX (Hitachi, S-640). The density of the sintered compacts was measured by Archimedes method, the porosity was determined by image analysis (Mitani corporation, WinROOF3.51) of the cross section micrographs, and the hardness was measured using the Vickers indentation method (Shimadzu, M-type) under a load of 10 N for 15 s.
Results and Discussion

Characterization of the ball-milled powders
TiN can be detected by XRD analysis (Fig. 1 ) after ballmilling for over 16 h, which has been conducted even in vacuum atmosphere, suggesting that crystalline TiN could be formed in situ from the reaction of Ti with ammonium carbonate. Ti could still be identified by XRD for the sample which had been milled for 52 h. However, after 2 h annealing at 1173 K in vacuum, only TiN was detected as a Ti containing phase. Since there is no nitrogen source in vacuum to react with the residual Ti, the presence of TiN during annealing can be interpreted as a phase transformation from supersaturated solid solution, which had been formed during the MA process by N atoms released from the ammonium carbonate dissolving into the Ti lattice. The morphology of the as-milled powder (shown in Fig. 2) , which had been ballmilled for 52 h, was observed by TEM after the sample being ultrasonic dispersed. It is clearly seen that the average particle size is below 50 nm. Table 1 shows the result of the phase analysis by XRD for the compacts sintered by HP or SPS. TiN, AlN and Al 2 O 3 were identified in all the sintered compacts. Besides, Fe included phases were also detected in the sample which had been subjected to MA using steel grinding medium. In this case, considering the component contrast in the backscattered electron image, the bright regions of the polished surface were recognized as Fe-rich phases (shown in Fig. 3 ). SEM and TEM images of the sample, which was subjected to ball milling for 32 h using ZrO 2 grinding medium and consolidated by SPS, are shown in Fig. 4 . Grains which are about 0.5 mm in diameter with gray contrast are surrounded by light regions (Fig. 4(a) ). The light regions were observed as aggregations of many small grains with average diameters from 40 nm to 60 nm from the fractured surface micrograph (Fig. 4(b) ). TEM observation confirmed that the large grains are TiN, the smaller ones are AlN, and the tiny spherical ones observed intragranulary are Al 2 O 3 (Fig. 4(c) ). Table 2 shows the density, porosity and the Vickers hardness of the sintered compacts that had been subjected to different conditions of MA. The sample which was ballmilled for 52 h with steel grinding medium and then hot pressed at 1473 K, shows almost full density and the highest hardness in this study. Comparing with previous works reported by other researchers, 6, 15, 16) the sintering temperature has been lowered significantly. As to the samples that were ball-milled with ZrO 2 grinding medium, the higher the porosity is, the lower the hardness exhibits.
Phases and microstructures of the sintered compacts
Properties of the sintered compacts
Effects of Fe on the composites
The data in Table 2 shows that the samples which were subjected to MA using steel grinding medium exhibit higher hardness than those which was subjected to MA using ZrO 2 grinding medium. SEM-EDX analysis showed that the Fe contamination induced during the MA process was about 15) in which Grigor'ev et al. reported that the Fe contamination from the grinding medium could diffuse into the TiN lattice to form (Ti, Fe)N solid solution, which can give rise to the enhancement of the hardness and fracture toughness of the composites.
Conclusions
(1) Using AlN, Ti and ammonium carbonate as initial materials, nanosized TiN-AlN composite powder can be prepared through MA. After sintering by HP or SPS, almost full-densified bulk materials can be obtained at considerably lower temperatures compared to the conventional ways by controlling the MA condition.
(2) Hardness of the composite comparable to the value that had been reported was obtained. This can be explained by the formation of solid solution (Ti, Fe)N which was introduced by the contamination of Fe from the steel grinding medium during MA process.
